Abstract Mercury (Hg) is a global pollutant since its predominant atmospheric form, elemental Hg, reacts relatively slowly with the more abundant atmospheric oxidants. Comprehensive knowledge on the details of the atmospheric Hg cycle is still lacking, and in particular, there is some uncertainty regarding the atmospherically relevant reductionoxidation reactions of mercury and its compounds. ECH-MERIT is a global online chemical transport model, based on the ECHAM5 global circulation model, with a highly customisable chemistry mechanism designed to facilitate the investigation of both aqueous-and gas-phase atmospheric mercury chemistry. An improved version of the model which includes a new oceanic emission routine has been developed. Results of multiyear model simulations with full atmospheric chemistry have been used to examine the how changes to chemical mechanisms influence the model's ability to reproduce measured Hg concentrations and deposition flux patterns. The results have also been compared to simple fixed-lifetime tracer simulations to constrain the possible range of atmospheric mercury redox rates. The model provides a new and unique picture of the global cycle of mercury, in that it is online and includes a full atmospheric chemistry module.
Introduction
Since ancient times, human activities have significantly altered the natural global mercury cycle through emissions to the atmosphere from anthropogenic activities (Pirrone et al. 1998; Streets et al. 2011 ). Due to the relatively long lifetime of gaseous elemental mercury GEM or Hg 0 (g) in the atmosphere, it is transported over long distances from its source emission areas and can therefore have an impact on soil, water and vegetation, in remote and pristine areas (Sprovieri et al. 2010a; Slemr et al. 2011) . Once deposited to land or oceans, Hg can be converted to the extremely toxic monomethylmercury (MeHg), and it is MeHg which is able to bioaccumulate and biomagnify and reach levels at which it is harmful to human health, particularly in piscivorous fish, such as tuna and swordfish (Oken et al. 2012; Cossa and Coquery 2005; Storelli et al. 2005) . Mercury pollution is therefore a threat to ecosystem health on a global scale and is now being addressed as such following the negotiations to produce an international agreement, known as the Minamata Convention (UNEP 2013b). The exchange of Hg and its compounds between the atmosphere and the oceans plays an important role in the cycling of mercury in the environment: understanding and quantifying mercury deposition patterns and fluxes is critically important for the assessment of the present, and future, environmental impact of mercury contamination.
The uncertainties in modelling the atmospheric Hg cycle are rather numerous and arise from many sources, including but not limited to the following: inaccuracies in existing chemical kinetic parameters, inadequate representation of chemical processes and of mercury species, a lack of detailed mercury chemical speciation in field studies, inaccuracies in mercury transport and deposition mechanisms and emission inventories (Lin et al. 2006; Subir et al. 2011) .
Only numerical chemical transport models, in addition and together with the measurements made in a number of monitoring networks (CAMNet, Canada (https://www.ec. gc.ca/natchem/default.asp?lang=en&n=4285446C-1); Mercury Deposition Network (MDN), USA (http://nadp.sws. uiuc.edu/MDN/); AMNet, USA (Gay et al. 2013 ); European Monitoring and Evaluation Programme (EMEP), Europe (http://emep.int/index.html); GMOS, worldwide (http://www.gmos.eu/)), can provide information on the sources, processes and fate of mercury globally, and they also allow the uncertainties regarding individual processes in the global Hg cycle to be investigated.
ECHMERIT differs from almost all other global Hg models in that it is an online model. The concentration of atmospheric chemical species at a given place and time are determined both by chemical and transport phenomena. An online model calculates the concentration of a chemical species in a model cell at each time step considering its production and loss as a result of chemical reactions, (and if appropriate, emission and deposition), but also due to transport in and out of the cell. Offline models, which use the output of meteorological models as input, differ in that the meteorological variables required to calculate the changes in concentration, which result from transport phenomena, must be interpolated in time, and often in space, potentially leading to inaccuracies. In many instances, the parametrisations of the physical processes in the numerical weather prediction model and the chemical transport are different. This can give rise to inconsistencies in the model. Both of these problems are avoided using online models. However, online model simulations are significantly more computationally expensive than offline simulations. Recent advances in computing power have now made online simulations much more feasible.
A number of offline chemical transport models (CTMs) have been developed in recent years, and they include GEOS-Chem-Hg Selin et al. 2007) , which is still undergoing active development (Soerensen et al. 2010; Amos et al. 2012) ; Global Chemical Transport Model for Mercury (CTM-Hg) developed by AER/EPRI (Seigneur et al. 2001 Lohman et al. 2008) ; Global EMEP Multi-media Modelling System (GLEMOS) (Travnikov et al. 2009) , and more recently, CAM-Chem/Hg (Lei et al. 2013) .
The Global/Regional Atmospheric Heavy Metals (GRAHM) model (Dastoor and Larocque 2004 ) is an online model which has been used in particular to investigate Hg deposition fluxes over North America (Zhang et al. 2012a) , the sub-Arctic regions (Sanei et al. 2010 ) and the Arctic itself (Durnford et al. 2010; Goodsite et al. 2013) . One feature of the GRAHM model (and also GLEMOS, above) is that they both use prescribed concentration fields from other CTMs which have detailed tropospheric chemistry routines, in the case of GRAHM output from MOZART (Horowitz et al. 2003; Emmons et al. 2010) . ECHMERIT, on the other hand, uses a version of the CBM-Z chemical mechanism (Zaveri and Peters 1999 ) to which gas-and aqueous-phase Hg chemistry, and mass transfer between the gas and aqueous phase of soluble species, have been added, as described in " Chemistry".
An important application of global models is to provide the boundary and the initial conditions (BC/IC) to regional mercury models which perform simulations at higher spatial resolutions. Regional CTM simulations of atmospheric Hg chemistry and deposition have been shown to be particularly sensitive to the BC/IC which are used (Pongprueksa et al. 2008) . Boundary conditions for regional simulations are generally more important than initial conditions for regional Hg CTMs, and therefore, recently, most regional models make use of time-and space-varying BCs from global model output. However, there can be some variation in the regional modelling results depending on which global model output is used (Bullock et al. , 2009 Harris et al. 2012) .
In this study, ECHMERIT has been used to evaluate the impact of changes in redox chemical mechanisms on the global atmospheric mercury cycle. An extensive comparison of the model with the measurements available from the monitoring networks and programs mentioned above has also been performed.
Model description
ECHMERIT is an online model global Hg model (Jung et al. 2009 ) based on the fifth-generation Atmospheric General Circulation Model ECHAM5 (Roeckner et al. 2003 , developed and maintained at the Max Planck Institute for Meteorology (MPI-M, Hamburg, Germany), which provides the atmospheric component and the routines for the transport of tracers. Different schemes for advection, convection and vertical diffusion are already implemented in the model. In ECHMERIT, the semi-Lagrangian advection scheme of Lin and Rood (1996) and the convective mass transport scheme of Tiedtke (1989) and Nordeng (1994) were adopted to ensure mass conservation and to preserve linear correlations. A mass flux correction scheme was also included in ECHMERIT to avoid negative mixing ratios in the case of a strong convective transport gradient (Jung et al. 2009 ).
ECHMERIT transports 42 chemical species, including four mercury species: elemental Hg 0 , reactive Hg II (g) and Hg II (aq) species, and the inert, insoluble Hg P . Hg P is assumed to be solid. It is emitted from anthropogenic activities, is subject to transport and deposition processes and is not involved in any chemical reactions. Hg II (aq) is a lumped species that includes all aqueous-phase oxidised mercury species present in the chemistry mechanism implemented in the model. In grid cells with a liquid water content below a threshold value (≤10 5 μg m −3 (Jacobson 1999)), it is assumed that the atmospheric aqueous phase (cloud or fog droplets, rain) have evaporated, and in this case, Hg II (aq) is considered to be solid and transported and deposited in the same way as atmospheric aerosol particles. When a grid cell's liquid water content increases above the threshold value, any Hg II (aq) present is assumed to be in the aqueous phase.
The model uses a spectral grid. The horizontal resolution of the model is very flexible ranging from T21 to T159, whereas in the vertical resolution, the model is discretised with a hybrid-sigma pressure system with 19 or 31 non-equidistant levels up to 10 hPa. A number of studies have focused on the sensitivity of ECHAM5 to the vertical and horizontal resolutions employed. The results show that ECHAM5 tends to overestimate precipitation over the oceans at the highest vertical resolution ). Since the precipitations over oceans play an important role in the global cycle of the mercury, the simulations described here used 19 vertical levels. A T42 grid (roughly 2.8 • by 2.8 • ) has been used for these simulations, as with L19 vertical resolution, no improvement in simulation results has been found increasing horizontal resolutions to greater than T42 .
To reproduce real meteorological conditions, the nudging routine already implemented in ECHAM5 using reanalysis data from the ERA-INTERIM project (ECMWF) has been used. Averaged values obtained from previous multiyearlong model simulations are used to initialise the concentrations of all species. A further 2-year chemical spin-up was performed before a 3-month spin-up to allow meteorological fields to converge using the nudging relaxation algorithms. Model simulations were then run for 2 years (2008/2009 ).
The new version of the ECHMERIT model has only updated chemistry routines, and therefore, the routines driving atmospheric physics, the transport and deposition mechanisms are the same as described by Jung et al. (2009) .
Emissions
Since the first version of the model, the routine to calculate oceanic emissions has been completely revised, and is described below. The other Hg emissions included in the model are also briefly described in this section.
Ocean emissions
Mercury emissions from the oceans represent a major source of mercury to the atmosphere (Mason 2009) . The difference in concentration between dissolved gaseous mercury (DGM) that is Hg 0 dissolved in surface waters and Hg 0 (g) generally results in Hg being emitted from the seas, and the surface layer is often supersaturated in DGM (Andersson et al. 2007; Soerensen et al. 2010) . The rate of exchange is also determined by factors such as water temperature and wind speed, (Wanninkhof et al. 2009 ). However, there remain some uncertainties regarding the parametrisation of air-sea exchange (Wanninkhof et al. 2009 ). In the model, the Hg 0 fluxes are calculated using the two-layer gas exchange model introduced by Liss and Slater (1974) .
where F is the Hg 0 flux, in nanograms per square metre per hour; K w is the water-side mass transfer coefficient, in metre per hour; H (T ) is Henry's law constant corrected for the temperature, T ; and C w and C a , both expressed in nanograms per cubic metre, are the Hg 0 concentrations in seawater and in air, respectively. The water-side mass transfer coefficient K w was calculated using the parametrisation of Wanninkhof (1992)
where u 10 is the wind speed at 10 m, and Sc Hg and Sc CO 2 are the Schmidt numbers of Hg and CO 2 , respectively. The parametrization of Andersson et al. (2008) was used to calculate the temperature-dependent Henry's law constant:
A positive value of F indicates a net Hg flux from the ocean to atmosphere, whereas a negative flux would indicate deposition to the ocean. Due to the (generally) supersaturated DGM concentrations, the oceans represent a net source of Hg to the atmosphere. In this study, a uniform and constant DGM concentration of 0.1 pM has been assumed. This value is within the range of observations (Andersson et al. 2011; Sunderland and Mason 2007) . Results obtained by using in the model this parametrisation are presented in the "Ocean evasion" section.
Anthropogenic emissions
The anthropogenic mercury emission inventory from the Arctic Monitoring and Assessment Programme (AMAP) emission for year 2000 (Pacyna et al. 2006 ) has been used in the model. The emissions provided are annual, with no seasonal cycle considered. The three height levels (less than 50 m, between 50 and 150 m, and more than 150 m) in the emission inventory are mapped to the appropriate model level. No manual corrections were made to emission database to include recent results from independent studies, such as lower mercury emission estimates for Southern Africa (Brunke et al. 2012) .
Offline emissions for the other species included in the model were derived from the Emission Database for Global Atmospheric Research (EDGAR)/Precursors of Ozone and their Effects in the Troposphere (POET) emission inventory (Granier et al. 2005) referred to the same year (2000) as the anthropogenic mercury emissions.
Terrestrial emissions
Emissions from soils and vegetation were calculated offline and derived from the EDGAR/POET emission inventory (Granier et al. 2005; Peters and Olivier 2003) that includes biogenic emissions from the GEIA inventories (http://www. geiacenter.org), as described by Jung et al. (2009) . Monthly Hg emissions from fires are mapped to the biomass burning CO emissions in the EDGAR/POET inventory. So-called prompt recycling of deposited Hg ) is used in the model; 20 % of wet and dry deposited mercury is reemitted to the atmosphere as Hg 0 if the deposition occurs over land. This percentage is increased to 60 % for snowcovered land, ice sheets and ice-covered seas (using the online snow cover from ECHAM5).
Chemistry
ECHMERIT uses a flexible Hg chemistry module, which includes a gas-phase photochemical mechanism, derived from the CBM-Z mechanism (Zaveri and Peters 1999) , and a tropospheric aqueous-phase mechanism, which is based on the aqueous-phase chemistry in the MECCA model (Sander et al. 2005) . It also includes the exchange of soluble compounds between gas and aqueous phases as a forward and backward reaction following the mass transfer approach of Schwartz (1986) . The chemistry module was prepared using the version 2.2 of the Kinetic Preprocessor (KPP) (Damian et al. 2002) and the SEULEX integration method (Sandu and Sander 2006) to solve the stiff chemical ODE system. Since only tropospheric chemistry is included in the model, the calculation of atmospheric chemistry is restricted to the model layers within the troposphere. The O 3 mixing ratios in the stratospheric model layers come directly from the climatology already implemented in ECHAM5 (Jung et al. 2009 ).
Until recently, most models assumed that the hydroxyl radical (OH) and ozone (O 3 ) were the main oxidants of Hg 0 in the gaseous phase, although the exact kinetics are still in debate (Hynes et al. 2009 ).
Under atmospheric conditions, it seems that the oxidation rate of Hg 0 by OH is actually slower than reported by laboratory kinetic study due the rapid thermal dissociation of HgOH (Goodsite et al. 2004; Calvert and Lindberg 2005) . Moreover, ozone as the only oxidant does not explain some observed patterns in both mercury concentrations and deposition Hedgecock et al. 2005; Sprovieri et al. 2010b ).
More recently, Br atoms have been proposed as the dominant global oxidant of the Hg 0 in the gas phase, explaining mercury depletion events (MDEs) in polar areas (Goodsite et al. 2004; Xie et al. 2008) as well as the pattern of Hg II in the MBL (Hedgecock et al. 2005) . Reactions with Br have been included in a number of modelling studies Durnford et al. 2012; Lei et al. 2013) , showing a good agreement with observations. Although reactions with bromine have been included in the chemical mechanism since the first version of ECHMERIT, the model requires a Br/BrO climatology in order to activate the Bromine chemistry. The sources of tropospheric Br are not entirely understood. Given this uncertainty, the O 3 /OH mechanism has been employed in this study.
The aqueous-phase reduction of Hg II was observed by Pehkonen and Lin (1998) , although its atmospheric relevance is still uncertain (Pongprueksa et al. 2008; Gårdfeldt and Jonsson 2003) . Whether Hg II in the gas phase can be reduced by CO or SO 2 has also been discussed Pongprueksa et al. 2008) The nitrate radical, NO 3 , is an important atmospheric oxidant during the night. There has been only a single study in the literature that have measured the kinetic of the reaction between NO 3 and Hg 0 studied by using a discharge flow technique (Sommar et al. 1997) . The authors of this study acknowledged that the obtained constant rate (4.0 × 10 −15 cm 3 molecule −1 s −1 should be taken as an upper limit for the reaction. This reaction has been included in the chemical mechanism for some of the simulations in this study to compare the results with mechanisms which only include daytime oxidation.
As concluded by Subir et al. (2011) , our relatively poor understanding on these reactions and the atmospheric Hg oxidation mechanisms means that more work is needed in this field to understand better the global cycle of the mercury in the atmosphere.
Chemical mechanisms
To study on the impact of different reactions and oxidants on the global atmospheric cycle of the mercury, some variations on the original ECHMERIT chemistry mechanism have been implemented and assessed.
The base mechanism includes Hg 0 oxidation by OH and O 3 in the gas and aqueous phases and reduction of Hg II aq by HO 2(aq) in the aqueous phase. Further simulations were run in which NO 3 oxidation was added to the base mechanism (Base2 model). In a further simulation, aqueous-phase reduction was removed (Base3 model), and in the remaining simulation, both the gas-phase oxidation by OH and the aqueous-phase HO 2(aq) reduction were also removed (Base4 model). Table 1 summarises the red-ox reactions included in the different models.
The chemical mechanisms included 121 species involved in almost 300 reactions, and the Hg chemistry has been described in full by Jung et al. (2009) .
Pseudo Hg 0 oxidation: tracer experiments
To compare the ECHMERIT simulations with full chemistry with a simple fixed-lifetime (against oxidation) tracer assumption for atmospheric Hg 0 , the chemistry module was deactivated, and only the tracer transport routine is left functioning (the emissions and deposition calculations remain unchanged). The model included only the three emitted mercury species, Hg 0 , Hg II and Hg P . At each time step of the model, a fraction of Hg 0 present in a given model cell is assumed to decay:
where [Hg 0 ] t and [Hg 0 ] t+t step are the concentrations at the beginning and at the end of time step of Hg 0 , and t step and τ are the time step length and the decay time of Hg 0 , respectively. Each decayed Hg 0 atom is assumed to be converted in Hg II g . Two experiments were performed using atmospheric lifetimes against oxidation of 8 and 12 months.
Deposition
The dry deposition scheme follows the approach of Kerkweg et al. (2006) 
as described in Jung et al. (2009).
For the Hg 0 dry deposition, due to the uncertainties in quantifying the deposition velocities of Hg 0 over different canopies (Zhang et al. 2009 ), we further included a maximum allowed velocity of 0.03 cm/s, equal to the annual mean Hg 0 deposition velocity from Selin et al. (2008) . Wet deposition is applied only to the transported chemical species with high solubility (i.e. with a Henry's law constant greater than 100 M atm −1 ), considering both below-cloud and in-cloud scavenging. The concentration and solubility of the species, total rainfall intensity, cloud water content, radius and velocity of the rain droplets are taken into account, as in Seinfeld and Pandis (1998) . The emission sources, removal processes and chemical transformations of the Hg species included in the model are outlined in Fig. 1 .
Model evaluation

Surface Hg distribution
The modelled surface layer TGM concentration, averaged over the 2-year simulation period (2008) (2009) , is shown in Fig. 2 . The figure shows the four variations of the chemical mechanism which were employed. The latitudinal variation of surface TGM is shown in Fig. 3 The simulation Base4 with no gas-phase OH oxidation and no aqueous-phase reduction, with oxidation by O 3 + NO 3 shows very similar surface concentrations to the Base2 model. As the Base2 simulation includes the reactions with OH and HO 2 in addition to those with O 3 + NO 3 , it appears that the OH and HO 2 reactions have roughly equal but opposite effects on the TGM concentration. However, this effect will vary with time and location as the distributions of OH and HO 2 differ over space and time.
The form of the latitudinal variation (Fig. 3 ) obtained in the tracer experiment simulations is quite different from those obtained using the model's chemistry mechanisms due to the fact that the "decay" of Hg 0 to Hg II is assumed to be both temporally and geographically uniform, which is not Figure 4 shows the average latitudinal distribution of the Hg 0 surface concentrations, and the 1st to 99th percentile range (shaded area) of modelled value at each latitude. The Base model annual average was compared with the annual average Hg 0 surface observations from 35 global sites. Observation data include those published by Travnikov et al. (2011) plus additional data collected by sites belonging to EMEP programme. Where it was possible, averages for the same years as the simulations were used (circles in Fig. 4) , The model reproduces the spatial distribution of the Hg 0 observations, with the peak model variability in the Northern Hemisphere matched by the peak in the range of the observations. The high variability of TGM concentration at around 30 • south, and caused by the peak in the South Africa, is due to an overestimation of mercury emissions in the region (Brunke et al. 2012) . The global spatial correlation (by mean of the Pearson's r) is 0.7 with a slope of 0.85 and a normalised mean bias of −7 % , in line with other model studies . Figure 6 shows the comparison between simulated and observed monthly averages of TGM surface concentrations observed at Northern midlatitude sites (40-60 • ). The Base run compared with the observations has a normalised mean bias of 16 %, and the correlation (Pearson's r) between them is 0.8. Using oxidation mechanism other than the Base gave poorer results. Interestingly, the simulation in which oxidation by OH was not included gave particularly poor results, and correlation coefficient of just 0.1. In fact, observations show a minimum in the late summer period in measurements. This minimum, well reproduced by the model, is attributed to oxidation of Hg by OH and has been reported in previous modelling studies Holmes et al. 2010 ).
Ocean evasion
Recently, a number of papers focused on the estimation of Hg 0 evasion from oceans (Mason and Sheu 2002; Sunderland and Mason 2007; Soerensen et al. 2010; Strode et al. 2007; Selin et al. 2008; Selin 2009 ) have been published. Figure 7a shows the global distribution of the simulated annual Hg 0 ocean emissions. The largest fluxes occur in tropical regions where a combination of warm temperatures and relatively strong winds cause higher evasion rates. The mean Hg 0 emission flux for the ocean in tropical zones is between 0.7 and 1.5 μg m −2 month −1 (Fig. 7b) and displays the largest seasonal variability at ±15 • , reflecting the seasonal migration of the Intertropical Convergence Zone (ITCZ) (Stopa et al. 2012; Perez-Cruz 2013) . Around the equator, there is an evasion minimum and also a reduced seasonal variability due to the generally light winds in this area (the so-called Doldrums) (Collier and Hughes 2011) .
Outside the tropics region, emissions from the Northern Hemisphere oceans show little seasonal variation, except for the Arctic Ocean where the seasonal formation and loss of sea-ice play a role. The Southern Hemisphere oceans show generally greater annual Hg 0 emissions with respect to those in the North. Emissions are strong during the entire year with a moderate seasonal variation, and emissions are particularly high between 40 • and 50 • N, due to the strong westerly winds found here, known as the roaring forties (Stopa et al. 2012) .
The pattern of the latitudinal distribution of Hg 0 ocean flux is similar to that obtained by Strode et al. (2007) , whereas the absolute values are somewhat greater since, for Strode et al. (2007) , the mean global ocean concentrations of DGM was 0.07 pM.
In Table 2 , the simulated annual Hg 0 emissions from the different ocean basins for the period of [2008] [2009] are shown, with previous estimates in parentheses (see Sunderland and Mason (2007) and references therein).
The total simulated oceanic flux of Hg 0 to the atmosphere, 5,500 Mg year −1 , is at the high end of the Selin et al. (2008) of 5,000 Mg year −1 . This difference in the magnitude of the ocean evasion, with respect to other modelling studies, may be due to differences between the reanalysis of data used by ECHMERIT (ECMWF era-interim) and that used in other models. Moreover, it should be noted that these are the first Hg 0 ocean emission estimates carried out using a globalscale online model, which does not interpolate in any way the meteorological fields (in either time and space) used in the parametrised calculation of oceanic Hg 0 fluxes. Figure 8 shows the averaged annual Hg II total (dry+wet) deposition over the globe during simulation period as simulated by the Base model.
Hg deposition
The deposition is greatest over Asia, East Europe and over the eastern coast of North America, reflecting the largest anthropogenic emissions in these area. The wet deposition over South Africa is certainly overestimated due to errors present in the anthropogenic mercury emission database used (Brunke et al. 2012) .
Wet deposition over North America Stations making up the MDN (Gay et al. 2013) over North America collected samples on a weekly basis. In order to make an effective comparison between modelled and observed data, only the stations that successfully collected data covering at least 3/4 of each year of the simulated period are used. Moreover, any stations with no samples for a period longer than a month were excluded from the analysis. Figure 9 compares the results of the Base model with data collected by the MDN network for the simulated period, [2008] [2009] . Simulations reproduce well fluxes observed by MDN network over the western USA, where emission levels are the lowest. In the Eastern USA, where the highest anthropogenic emissions occur and indeed the measurements at MDN sites are also highest, the model overestimates the observed deposition by almost a factor of 2 during the year. However, this overestimation shows a distinct regional and seasonal variation. Figure 10 compares the simulated wet deposition with the observations in each seasons. The largest discrepancies between the model and observations occur in the spring and summer and in the more industrialised northeastern part of the USA. Emissions of Hg from this area would mostly be deposited locally and rapidly in the wetter autumn and winter months; however, in spring and summer, they are more likely to be transported further. However, if the emissions have a too high proportion of Hg II , this could cause the model to overestimate the deposition nearby to sources. Zhang et al. (2012b) have considered this possibility in a nested regional simulation within their global model. in part, to the frequent precipitation which occurs there. The model shows generally good geographical agreement with the observations, especially over the coastal regions of Northern Europe, but tends to overestimate deposition fluxes in the more industrialised regions of Central/Eastern Europe. Again, this may be due to the proportion of oxidised Hg species in emissions; however, due to the lack of monitoring stations in less industrial regions, particularly in Southern Europe, it is not really possible to compare areas which are more and less directly impacted by local sources.
Global Hg budget Figure 1 shows the global budget of the mercury as simulated by our Base model considering the updated emissions.
As described in "Emissions" and "Ocean emissions" sections, the anthropogenic and ocean emissions account for 2,300 and 5,500 Mg year −1 . Terrestrial primary emissions from biogenic activities, evapotranspiration and forest fires account for 2,800 Mg year −1 , close to other modelling estimates . The prompt recycling of the previously deposited mercury species account for 1,400 Mg year −1 , greater than previously reported Lei et al. 2013) , reflecting the greater total deposition. The total source of mercury to the atmosphere is 11,800 Mg year −1 , at the upper end of the range (6, 200 Mg year −1 ) previously estimated by GEOS-Chem and slightly larger than the recent independent estimate of 9,700 Mg year −1 using CAMChem (Lei et al. 2013) . Almost all atmospheric mercury is removed as Hg II (g/aq) . Dry deposition in ECHMERIT is somewhat greater globally than wet deposition, (6,500 vs 5,300 Mg year −1 ). The dry deposition of Hg 0 is negligible (less than 10 Mg year −1 ) due to the approach used for modelling the Hg 0 deposition velocity ("Deposition"). Other recent studies that suggest a much greater Hg 0 dry deposition flux also found an atmospheric lifetime of total mercury of 0.5 and 0.69 year Lei et al. 2013) , much shorter than previously estimated (see, for example, Lindberg et al. (2007) . Although a shorter lifetime was supported by a decreasing trend in atmospheric mercury concentrations at many sites (Slemr et al. 2011) , "other regions show an increase in the mercury levels," suggesting possible not well-known regional reasons rather than a global trend (UNEP 2013a).
The emitted inert and insoluble Hg P , 190 Mg year −1 , is almost all removed by dry deposition (180 Mg year −1 . It should be recalled that in ECHMERIT, much of the Hg associated with particulate matter is present as the soluble species Hg II (aq) . The total amount of mercury in the atmosphere is 4,650 Mg of which 4,100 are Hg 0 , 550 Hg II (g/aq) and only a small fraction is Hg P .
Conclusions
In this paper, we have presented the new version of the online model ECHMERIT with an updated set of emission routines. The model now includes a new mechanism based on the two-layer gas exchange model to calculate the airsea Hg 0 flux. The simulated oceanic flux of Hg 0 to the atmosphere is 5,500 Mg year −1 , close to the upper limit of the range of previous estimates (800-5,300 Mg year −1 ) and comparable with the estimate of Selin et al. (2008) of 5,000 Mg year −1 . The model with the updated ocean emission mechanism reproduces much more closely the gradient observed between the mercury concentrations in the Southern and Northern Hemispheres. The anthropogenic emissions in the model are 2,300 Mg year −1 , and the total mercury emissions in the model are 11,800 Mg year −1 . These emissions are larger than those reported in previous studies, but very close to those of Selin et al. (2008) . Three alternative chemical mechanisms were also used to test the impact of different redox reactions to the performance of the model. The results imply that the oxidation of Hg 0 g by NO 3 is of little if any atmospheric relevance. Future simulations will seek to evaluate the possible role of organobromine and marine aerosol-derived bromine in the global Hg cycle. The observed seasonal cycle in TGM concentrations at midlatitude sites is well reproduced by the model. However, wet deposition of Hg over both North America and Europe are overestimated, and the reasons for this will be investigated in future work. The model is new and unique, in that it is online and includes a full atmospheric chemistry module, in addition to the ensemble of global Hg models capable of providing time-and space-varying boundary conditions to regional models. Work to further exploit the potential of the online nature of the model particularly to refine the parametrisation of exchange processes at environmental interfaces is under way.
